The concentration of carbon dioxide dissolved in water (CO2(aq)) was measured in consecutive phases of the hydrological cycle. Its potentially possible degassing from groundwaters to the atmosphere was also assessed. The research was conducted in the area of occurrence of carbonate rocks of the Lublin Upland and Roztocze (SE Poland). The results of the measurements of CO2(aq) concentration varied as follows (min-max/mean): precipitation waters < 1-3/2.6 mg · dm 
Introduction
Modern climatic changes are frequently considered by researchers as associated with the increasing content of so called greenhouse gases in the atmosphere [1] . The most important greenhouse gas, apart from water vapour, is carbon dioxide. The contribution of CO 2 in the atmosphere increased over the last century from approximately 0.03% to almost 0.04% [2, 3] . This is particularly associated with human industrial activity. It is not clear whether the climate is more affected by anthropogenic or natural factors [4, 5] . It is important, however, to trace such changes, and investigate possibly all of the carbon reservoirs influencing the content of CO 2 in the atmosphere.
Research on carbon dioxide emission to the atmosphere in the continental phase particularly concerns industrial, agricultural and forest areas [6] [7] [8] , as well as areas abundant in CO 2 of endogenic origin [9] [10] [11] . The stream of carbon dioxide remaining in the continental hydrological circulation is investigated and balanced to a considerably lower degree [12] [13] [14] [15] [16] . The circulation of carbon in the inland water cycle is estimated for 3 Gt · year -1 [1, [17] [18] [19] [20] [21] . Out of this value, fluvial outflow to the ocean is estimated for > 30%, carbon occurring in aquatic sediments amounts to > 20%, and exchange of carbon with the atmosphere in the form of CO 2 amounts to 45%. In the global carbon cycle, its circulation in the inland water cycle is estimated at a level of 10% of anthropogenic emission by burning fossil fuels [1, 22] . The postulates to reduce the content of carbon dioxide in the atmosphere with the application of alternative methods of reducing CO 2 emission to the atmosphere related eg to the intensification of photosynthesis and breathing are therefore of great importance [23] .
Migration of CO 2 related to water circulation in the environment has a considerable effect on leaching of minerals and incorporating their dissolution products into the hydrological cycle [24, 25] . The largest carbon reservoir in the cycle is constituted by sediment rocks of marine origin rich in carbonates.
The objective of the study was to determine the content of dissolved carbon dioxide in water (CO 2(aq) ) at particular stages of the hydrological cycle in a river catchment, and to assess potential possibilities of degassing from groundwaters to the atmosphere through fluvial outflow. The study was conducted based on selected hydrographic objects in the area of occurrence of carbonate rocks in the Lublin Upland and Roztocze, SE Poland (Fig. 1) .
Study area and methods
In the area of the Lublin Upland and Roztocze, the main reservoir of groundwaters fed to rivers developed in the carbonate rocks of the Upper Cretaceous and Tertiary: limestones, gaizes, opokas, marls, and chalk [26] . Waters of the Cretaceous and Tertiary aquifer in the zones of river valleys are hydraulically interconnected, and constitute one common aquifer drained by springs and rivers. In years with moderate water resources, the mean underground outflow from the area of the Lublin Upland and Roztocze amounted to 3.2 dm
, whereas 1/3 of this value was accounted for by spring outflow. The contribution of underground outflow in total outflow exceeds 80%. Numerous springs occurring in the Lublin Upland and Roztocze form natural research polygons for observation of the variability and hydrochemical diversity of waters in the underground cycle.
The research task was implemented based on measurements of the content of CO 2(aq) in the hydrological circulation of the Lublin Upland and Roztocze. The measurements encompassed the content of CO 2(aq) in: atmospheric precipitation, groundwaters, and river waters. Measurements of the content of CO 2 in atmospheric and soil air were also performed. The index of the process of CO 2 degassing from waters constituted direct measurements of CO 2(aq) in groundwaters (springs) and surface (river) waters. Precipitation waters were collected in Lublin as total precipitation, in a daily cycle. The content of CO 2(aq) was determined in 84 samples of atmospheric precipitation. CO 2 concentration in atmospheric air was measured in one-week intervals. The content of CO 2 in soil air and on the six selected study polygons was measured in a monthly cycle. The polygons were representative of soils developed from: loesses (Karmanowice), loess-like formations (Wygnanowice), weak-clayey sands (Guciow), clayey sands (Janowka, Sapy), and sands (Majdan). Probes for collecting soil air were installed permanently. They were plastic tubes with a diameter of 1 cm, immersed into a layer of 0.3-0.6 m b.g.l. On the ground surface, the probes were closed with a stopcock for the purpose of elimination of contact with atmospheric air. In the area of the designated study polygons, the concentration of CO 2 in atmospheric air was also measured in a monthly cycle in the space of spring niches as well as the concentration of CO 2(aq) in spring (underground) and river waters. One series of analyses was performed for assessing the spatial distribution of CO 2(aq) in groundwaters and river waters. For this purpose groundwater samples were collected from 132 springs and from 63 sites located in 32 rivers. The research was conducted in July and August 2010 in conditions of exclusively groundwater feeding.
The content of free dissolved CO 2 in water was determined by means of Oxyguard CO2 Analyser. The content of CO 2(aq) in soil waters was calculated based on the solubility of carbon dioxide in water, considering measurements of CO 2 concentration in soil air and measurements of soil temperature. The measurements of carbon dioxide in atmospheric and soil air were performed by means of a field gauge MultiRAE with an NDIR sensor.
In 2010, the mean air temperature in meteorological station Lublin-Radawiec amounted to 7.4ºC. It was approximate to the mean value for the Lublin region [27] . The annual total precipitation in the Lublin Upland amounted to approximately 750 mm, and in Roztocze to more than 900 mm. It was higher than multiannual means by approximately 30%. Snow cover occurred in the period from December 2009 to February 2010, and again in December 2010. As a result of spring infiltration of meltwaters, the groundwater level increased from March to June [28] . The snow cover accumulated approximately 150 mm of water. An increase in groundwater levels also occurred after heavy rainfalls in May (~160 mm) and September (~170 mm). In the remaining months, the groundwater levels showed a decreasing tendency, or stagnated. The outflow rhythm in the rivers of the study area showed a similar course trend. Feeding to the reservoir of groundwaters and rivers particularly occurred from March to June, and in September.
Results and discussion
Carbon circulation in the hydrological cycle has a considerable effect on basic physical and chemical water parameters. This particularly concerns areas developed from rocks rich in carbonates, including the Lublin Upland and Roztocze. The carbonate balance commonly occurring in ground-and surface waters involves the interaction of water with carbon dioxide and insoluble carbonates and carbonates dissolved in water, and determines the state of proportion between forms: HCO 3 -, CO 3 2-, CO 2(aq) , CO 2(g) , determining water reaction [24] . The basic role in the process of dissolution of carbonate minerals is played by carbon dioxide (CO 2(g) ) of soil origin, and to a considerably lower degree of atmospheric origin. The concentration of CO 2 in soil air can periodically even exceed 10% [25, 29] . In atmospheric air, it currently amounts to approximately 0.04% [1] . Table 1 The content of CO2 in atmospheric air in Lublin and in soil air Research on the content of carbon dioxide in atmospheric air in Lublin documented its presence ranging from 0.033 to 0.049%, averaging 0.041% (Table 1 ). In the annual course, considerably higher concentrations were recorded in months from January to July, when the level of CO 2 was usually > 0.04%. From August to December, the concentration of CO 2 in the atmospheric air usually amounted to < 0.04%. Due to the content of CO 2 in atmospheric air, pursuant to the Henry's law, its equivalent content in water should be from ~0.5 to ~1.5 mg · dm -3 . In the summer period, the concentration of CO 2 in atmospheric air shows high daily fluctuations [30] [31] [32] . The concentration of CO 2 by night is sometimes even 2-3 times higher than by day. Such high CO 2 concentration in atmospheric air was also recorded by day in spring niches. The equivalent CO 2(aq) concentration in precipitation waters can then reach even more than 3 mg · dm -3 CO 2(aq) . Measured values of CO 2(aq) in atmospheric precipitation in 2010 varied from < 1 to 22 mg · dm -3 , but usually did not exceed 3 mg · dm -3 ( Table 2 ). High values of CO 2(aq) in precipitation waters were identified in samples with low reaction (Fig. 2) . This suggests the role of acidic precipitation, and particularly sulphur and nitrogen compounds, in the development of CO 2(aq) concentration in precipitation waters. Dissolution of alkaline compounds contained in atmospheric dusts at low water reaction can constitute a considerable source of CO 2(aq) in precipitation [2] . Considerably higher CO 2(aq) concentrations in precipitation waters were shown by research conducted in the area of Warszawa. The mean values were 2-3 times higher [33] .
The concentration of CO 2 in soil air was considerably higher than in atmospheric air, amounting to 0.13-2.22%. The highest values were recorded in the winter season, and the lowest during intensified vegetation. Higher values were recorded in soils under agricultural use than in those in forest areas. The correlations are characteristic of the area of the Lublin Upland, as documented in the paper by Dudziak, Halas [6] . Measurements of CO 2 concentration in soil air and soil temperature provided the basis for the calculation of the content of CO 2(aq) in soil water ( Table 2 ). The calculated CO 2(aq) concentration amounted to 3-51 mg · dm -3 . The highest calculated concentrations occurred in spring months, and the lowest in winter. Washing CO 2(aq) from soils to groundwaters in 2010 particularly occurred from March to June and in September. It did not occur or was limited in the remaining months. CO 2(aq) content in groundwaters was analysed based on pore springs draining a shallow aquifer of groundwaters and fissure-layer springs, draining the main groundwater reservoir. Groundwaters outflowing to the surface in springs contained CO 2(aq) in a range of 10-72 mg · dm -3 (Table 2) , averaging 30 mg · dm -3 . The highest values of CO 2(aq) in spring waters were recorded in the spring season and after heavy rainfalls which occurred at the end of May and at the beginning of September. In the annual cycle, changes in the concentration of CO 2(aq) in the waters of fissure-layer springs usually did not exceed 10 mg · dm -3 , and in pore springs from 10 to more than 30 mg · dm -3 . The coefficient of variability of CO 2(aq) concentration in spring waters, calculated based on monthly measurements, varied from 30 to 48%, averaging 36%. In the waters of pore springs, it was usually higher than the average values, and in the waters of fissure-layer springs -lower than the average. Example changes in CO 2(aq) concentration in a fissure-layer spring in Pliszczyn in the annual cycle amounted to 7 mg · dm -3 (Fig. 3) , and in the daily cycle they did not exceed 3 mg · dm -3 (Fig. 4) . Higher daily variability was recorded in measurements performed in summer than in winter. The spatial variability of CO 2(aq) concentration in the Lublin Upland and Roztocze ( ) were observed in areas with rocks such as opokas, gaizes, and limestone (regions: Wzniesienia Urzedowskie, Wynioslosc Gielczewska, Rownina Belzycka, Roztocze Srodkowe and Roztocze Poludniowe). High CO 2(aq) concentration in the waters of the pore spring in Wygnanowice (the Gielczew River catchment) suggests the effect of fossil soils and/or peats on the content of CO 2(aq) in the underground circulation [34] . The effect of peats on the content of CO 2(aq) in groundwaters was documented in research conducted on a peatland in the Kampinoski National Park [33] . Groundwaters are fed to rivers through channel and spring drainage. Degassing of CO 2 occurs from rivers to the atmosphere, resulting in a considerable decrease in its content in water [24, 29, [35] [36] [37] . Constant exchange of CO 2 occurs between the hydrosphere and atmosphere. It results from the maintenance of the balance in the environment in terms of concentration of gases (Henry's law). In rivers, CO 2(aq) concentration was usually below 15 mg · dm -3 (mean ~8 mg · dm -3
). Concentration above 10 mg · dm -3 was recorded at measurement sites located in profiles of rivers below efficient springs. In the summer season, CO 2(aq) concentration usually did not exceed 10 mg · dm -3 . Particularly low concentrations were recorded below dam reservoirs, where the values decreased below 1 mg · dm -3 . The comparison of CO 2(aq) concentration in ground-and river waters within selected catchments studied in summer 2010 (Fig. 6) suggests a possible level of degassing of carbon dissolved in water to the atmosphere. The degassing of CO 2 from groundwaters to the atmosphere is also suggested by measurements of its concentration in the air of spring niches (Table 2 ). Higher concentration in atmospheric air in spring niches than in hilltops suggests its emission to the atmosphere not only from the soil cover, but also from groundwaters. In the process of degassing of carbon dioxide from springs and rivers, daily and seasonal changes in the concentration of CO 2(aq) are worth attention. The changes are presented based on the example of measurements performed in the Ciemiega River catchment (Fig. 3) . The measurements, taken in a monthly cycle in 2010, showed that seasonal changes in CO 2(aq) concentration in the river reached 15 mg · dm -3 . High contents of CO 2(aq) were recorded in the cool half-year (10-15 mg · dm ) in the summer season. Considerable changes in CO 2(aq) concentration occurred during intensive supply of groundwaters to the river after snowmelt in the spring and after heavy rainfalls in May and September. Changes in CO 2(aq) concentrations in the Ciemiega River also showed a daily rhythm (Fig. 4) , particularly evident in measurements performed in the summer season. Higher concentrations were recorded by night than by day. In the summer season, the daily rhythm of CO 2(aq) concentration suggests an effect of biological breathing in the river on its content. The rhythm was also observed in seasonal changes.
The level of carbon dioxide degassing to the atmosphere from the carbonate waters of the Lublin Upland and Roztocze was estimated by means of hydrochem-discharge method ( Table 3 ). The level of degassing constitutes the difference between mean CO 2(aq) concentration in ground-and river waters in relation to underground outflow. The level of underground outflow in the Lublin Upland and Roztocze in 2010 year amounts to approximately 92% of total outflow. Total outflow was calculated based on the value of the outflow coefficient, in the Lublin Upland amounting to 20%, and in Roztocze to 27% of atmospheric precipitation.
The value of carbon dioxide degassing from the carbonate waters of the Lublin Upland and Roztocze amounted to 52.5 thousand Mg · year -1 (4.04 Mg · year -1 · km -2 ). Research of carbon dioxide degassing from waters from the karst area in China showed the level 19.1 Mg · year -1 · km -2 [13] . Estimated level of degassing from the carbonate waters of the Lublin Upland and Roztocze was low in relation to anthropogenic emission in that area. For comparison, in the period, the annual CO 2 emission from the sugar factory in the town of Krasnystaw amounted to 30 thousand Mg · year -1 , and the emission from heat and power plant Wrotkow in the Lublin city amounted to 400 thousand Mg · year 
Conclusions
In 2010, research was conducted on the concentration of dissolved carbon dioxide (CO 2(aq) ) in consecutive phases of hydrological circulation in the area of occurrence of carbonate rocks of the Lublin Upland and Roztocze, SE Poland. The research showed the following values of CO 2(aq) content (min-max/mean): precipitation waters < 1-3/2.6 mg · dm -3 , soil waters 3-50/14.2 mg · dm -3 , groundwaters 10-70/30.3 mg · dm -3 , river waters < 1-21/7.6 mg · dm -3 . The obtained results suggest a considerable effect of soils on the content of CO 2(aq) in infiltration waters. The concentration of CO 2(aq) increased several times in infiltration waters in comparison to precipitation waters. The content of CO 2(aq) in groundwaters was strongly affected by the lithological type of rocks washed by flowing water. The highest CO 2(aq) concentrations were recorded in waters circulating in soft solid carbonate rocks such as chalk, marls, and porous formations such as loess. Lower values were recorded in solid hard rocks such as opoka, limestone, or gaize.
In river waters, CO 2(aq) concentration was usually lower by approximately 60% than in groundwaters. This correlation suggested exchange of CO 2 between the hydrosphere and atmosphere, occurring in the surface phase of water outflow. The process resulted from lower partial pressure of carbon dioxide in the atmosphere than in the rock mass, as determined by the Henry's law. Carbon dioxide emission from the carbonate rocks of the Lublin Upland and Roztocze related to the process was estimated for 50 thousand Mg · year -1 . The value constituted approximately 1% of the anthropogenic emission of carbon dioxide from environmentally harmful industrial plants in the Lublin province.
Considering the forecasted climate warming, the level of carbon dioxide emission to the atmosphere from carbonate rocks will increase. The obtained results can be used for calculating the natural stream of CO 2 from waters to the atmosphere from land in the moderate climate zone.
